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Executive summary
Pulsar timing arrays (PTAs) will enable the detection of nanohertz gravitational waves
(GWs) from a population of supermassive binary black holes (SMBBHs) in the next ∼ 3− 7
years. In addition, PTAs provide a rare opportunity to probe exotic physics. Potential
sources of GWs in the nanohertz band include
• cosmic strings and cosmic superstrings,
• inflation, and,
• phase transitions in the early universe.
GW observations will also make possible tests of gravitational theories that, by modify-
ing Einstein’s theory of general relativity, attempt to explain the origin of cosmic acceleration
and reconcile quantum mechanics and gravity, two of the most profound challenges facing
fundamental physics today. Finally, PTAs also provide a new means to probe certain dark
matter models.
Clearly, a positive detection of any of these observational signatures would have
profound consequences for cosmology and fundamental physics. In this white paper
we describe these potential signatures.
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Figure 1: Plot of cosmic (su-
per)string GW spectra for values
of the dimensionless string ten-
sion Gµ/c2 in the range of 10−23-
10−9, as well as the spectrum pro-
duced by SMBBHs, along with
current and future experimental
constraints. PTA sensitivity will
not be superseded until the LISA
mission scheduled for launch in
2034. The Big Bang Observer
(BBO) is a future planned space-
based GW detector. Figure from
Ref. [1].
Cosmic strings and cosmic superstrings
Cosmic strings are topological defects that can form during phase transitions in the early
Universe [2, 3], and cosmic superstrings are the fundamental strings of string theory stretched
to cosmological scales due to the expansion of the Universe [4–9]. In a cosmological setting,
and for the most simple superstring models, both cosmic string and superstring networks
evolve in the same way. For a detailed review of cosmic (super)string network evolution and
observational signatures see [10] and references therein. Cosmic (super)strings can exchange
partners when they meet and produce loops when they self-intersect. These loops then
oscillate and lose energy to GWs generating bursts and a stochastic background [11–16]—
the signals we wish to detect [1, 17]. Strings are characterized by their mass per unit length µ,
which is normally given in terms of the dimensionless parameter Gµ/c2, the ratio of the string
1
energy scale to the Planck scale squared. The detection of a stochastic background
from cosmic (super)strings, or GWs from individual cosmic (super)string loops,
would be transformative for fundamental physics.
PTAs are currently the most sensitive experiment for the detection of cosmic
(super)strings and will remain so for at least the next decade and a half. Corre-
spondingly, pulsar-timing experiments are producing the most constraining bounds on the
energy scale and other model parameters of cosmic strings and superstrings. As of the
writing of this white paper, the best limit on the string tension, Gµ/c2 < 5.3(2) × 10−11,
is several orders of magnitude better than constraints from cosmic microwave background
(CMB) data, and comes from the NANOGrav Collaboration [18]. Figure 1 shows the stochas-
tic background spectrum produced by cosmic strings in terms of the dimensionless density
parameter Ω versus frequency for dimensionless string tensions Gµ/c2 in the range 10−23-
10−9. Overlaid are current and future experimental constraints from PTAs, ground-based
GW detectors, and spaced-based detectors. PTA sensitivity will not be superseded until the
LISA mission which is scheduled for launch in 2034.
Primordial gravitational waves from inflation
The evolution of the very early Universe is thought to include a period of exponential ex-
pansion called inflation that accounts for the observed homogeneity, isotropy, and flatness of
the Universe [19–25]. Additionally, by expanding quantum fluctuations present in the pre-
inflationary epoch, inflation seeds the density fluctuations that evolve into the large scale
structures we see in the Universe today [26–30], and produces a stochastic background of
GWs [31–33]. This background of GWs is broad-band, like the one produced by cosmic
strings, and potentially detectable by multiple experiments.
Detecting primordial GWs from inflation has been a critical objective of CMB experiments
for some time, see [34] and references therein. The CMB is sensitive to the lowest frequency
portion of the GW spectrum from inflation, and CMB data can be used to constrain the
tensor-to-scalar ratio, which is the ratio of the size of GWs produced to that of scalar pertur-
bations (which seed density fluctuations as described above). For standard inflation models
the GW background in the PTA band is likely to be fainter than that of SMBBHs, though
that depends in part on the character of the SMBBH spectrum at the lowest frequencies
where environmental effects like accretion from a circumbinary disk or stellar scattering can
reduce SMBBH GW emission [35]. In addition, some inflationary models have a spectrum
that rises with frequency. Thus, GW detectors operating at higher frequencies than CMB
experiments, like PTAs and space- and ground-based interferometers, can be used
to constrain the shape of the inflationary GW spectrum. Indeed, PTA, CMB, and
GW interferometer data across 29 decades in frequency have already begun to place stringent
limits on such models [36].
Phase transitions in the early universe
The early Universe may have experienced multiple phase transitions as it expanded and
cooled. Depending on the detailed physical processes that occur during a phase transition,
GWs can be generated with wavelengths of order the Hubble length at the time of the phase
transition. That length scale, suitably redshifted, translates into a GW frequency today.
Thus, GW experiments at different frequencies today probe horizon-sized physical processes
occurring at different times in the early Universe, with higher frequency experiments probing
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Figure 2: Dashed lines show the
GW spectrum of a first order QCD
phase transition for various phase
transition durations, along with
PTA sensitivities. LISA will not
be able to detect a signal from the
QCD phase transition; the elec-
troweak phase transition that oc-
curs at higher temperatures, ear-
lier times, and therefore maps
onto higher frequencies, is a more
promising source for LISA. Figure
from Ref. [38].
earlier and earlier times.
The nanohertz frequency band accessible to PTAs maps onto the era in the early
universe when the quantum chromodynamics (QCD) phase transition took place,
about 10−5 s after the Big Bang. The horizon at that time was on the order of 10 km, and
any GWs generated at that length scale at that time would today be stretched to about
1 pc (or 3 light-years), which corresponds to GW frequencies of about 10 nHz, and lie within
the PTA sensitivity band. The possibility that interesting QCD physics can result in a GW
signal detectable by PTAs was first pointed out by Witten in the 1980s [37]. More recently
Caprini et al. [38] considered the possibility of a first order phase transition at the QCD
scale. In standard cosmology the QCD phase transition is only a cross-over, and we do not
expect it to generate GWs. However, if the neutrino chemical potential is sufficiently large
it can become first order (it is worth pointing out that if sterile neutrinos form the dark
matter, we expect a large neutrino chemical potential). Thus PTAs provide a window onto
physical processes occurring in the universe at the time of the QCD phase transition, and
could detect GWs from a first order phase transition at that time (see Fig. 2). As can be
seen in Fig. 2 a given PTA will become sensitive to lower frequencies as the baselines on
their data sets increases through the next decade.
It should be noted that all of these stochastic background signals (cosmic strings, infla-
tion, and phase transitions) will have to contend with the background of super-massive black
hole binaries expected to be detected in the next few years by PTAs. However, long enough
baselines and sufficiently distinguishable spectral characteristics will make these
signatures individually resolvable [39].
Gravitational-wave tests of General Relativity
Attempts to explain the origins of cosmic acceleration and to reconcile gravity and quantum
mechanics, two outstanding fundamental physics problems, often involve modifications to
Einstein’s theory of general relativity. Testing general relativity as a theory of gravity is
therefore a crucial goal for PTAs [40]. Here we focus on tests of general relativity made
possible by PTA detections of gravitational waves; strong-field tests of GR based on binary
neutron star orbits are also possible with PTA data (see white paper by Fonseca, et al.,
Fundamental Physics with Radio Millisecond Pulsars)
General relativity predicts the existence of GWs which travel at the speed of light, are trans-
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Figure 3: The six possible GW
polarizations in metric theories of
gravity. The solid and dotted lines
in each case represent the effect of
the GW on a freely falling ring of
masses at integer and half-integer
multiples of the GW period. Gen-
eral relativity predicts only plus
and cross modes (shown on the left
in red), every other metric the-
ory of gravity predicts the exis-
tence of more polarizations. Find-
ing evidence in favor of scalar or
vector polarizations would imme-
diately rule out general relativity.
Reproduced from [41]
verse, and have two polarizations. Other metric theories of gravity generically predict the
existence of GWs with different properties: additional polarizations and modified dispersion
relations. Metric theories of gravity can have up to six possible GW polarizations [42]. These
six components are classified according to their transformation properties under rotations,
resulting in two scalar polarizations, two vector polarizations, and two tensor polarizations
[42, 43] (see Fig. 3 for an illustration). The two tensor components, the only ones predicted
to exist by general relativity, are commonly referred to as the plus and cross polarizations.
Finding experimental evidence in favor of non-tensor polarizations and/or non-
standard dispersion properties for GWs would immediately rule out general
relativity.
PTAs offer significant advantages over interferometers like LIGO for detecting new polar-
izations or constraining the polarization content of GWs. Each line of sight to a pulsar can
be used to construct an independent projection of the various GW polarizations, and since
PTAs typically observe tens of pulsars, linear combinations of the data can be formed to
measure or constrain each of the six polarizations many times over [40]. Additionally, PTAs
have an enhanced response to the longitudinal polarization [41]. Indeed, the constraint on
the energy density of longitudinal modes inferred from PTA data is about three orders of
magnitude better than the constraint for the transverse modes [44]. Using the NANOGrav 9-
year data set [45] these authors set the 95% upper limits on the amplitudes of stochastic GW
backgrounds from the non-GR polarizations at ΩTT+STh
2 < 7.7×10−10, ΩV Lh2 < 3.5×10−11
and ΩSLh
2 < 3.2×10−13, corresponding to the sum of tensor-transverse and scalar-transverse
(breathing) modes, the vector-longitudinal modes, the and scalar-longitudinal mode. Note
that only the sum of scalar- and tensor-transverse modes can be constrained, see [44].
Dark matter
Dark matter is an essential component of the universe, accounting for about a quarter of
its energy density. Dark matter explains a wide range of cosmological phenomena, from
galaxy rotation curves to the detailed characteristics of the CMB and large-scale structure
formation. Despite the enormous success of dark matter its nature remains an open question
in fundamental physics.
4
PTA data may help elucidate the constituents and properties of dark matter. Cer-
tain classes of dark matter models produce observable signatures at nanohertz frequencies.
Scalar fields with masses around 10−23 eV, for example, can produce periodic oscillations
in the gravitational potential with a strain h ∼ 10−15 and frequencies in the nanohertz
range [46], well within the detectable range of PTAs in the coming decade. These models
are motivated by string theory axions, a type of light scalar field. Their small masses re-
sult in a macroscopic de Broglie wavelength, which is the origin of the name “fuzzy” dark
matter. An attractive feature of fuzzy dark matter is that it avoids the cuspy halo problem.
PTA data are already being used to constrain such models [47]. Finally, standard cold dark
matter (CDM) models naturally produce small scale clumps which may also be detectable
by PTAs. A CDM clump moving near the Earth or a pulsar produces an acceleration that
could be measurable in PTA data, providing an opportunity to test the CDM paradigm [48].
Key Detectors & Requirements
These science opportunities require PTA collaborations such as NANOGrav to monitor ∼100
pulsars with weekly to monthly cadences over a wide radio band (several GHz) with large
collecting area radio telescopes over a period of time of several decades. NANOGrav has
been taking pulsar timing data for a little over 14 years, and currently times 76 millisecond
pulsars using about 850 hours per year at the Arecibo Observatory and 550 hours per year
at the Green Bank Telescope.
Increasing our sensitivity to stochastic backgrounds, such as the background produced by
SMBBHs, cosmic strings, or inflation, is best achieved by adding more pulsars to the array,
more or less independently of their quality [49]. Increasing our sensitivity to individual
GW sources, such as individual black hole binaries and cosmic string loops, and to perform
improved dark matter searches and GW tests of General Relativity, requires timing pulsars
with the highest possible precision.
In the coming decade, these requirements imply the need for larger collecting area (& 300-m
equivalent diameter) steerable telescopes, operating in the frequency range of a few hundred
MHz to a few GHz, and able to dedicate substantial amounts of time (∼ 1000s hours per
year) to regular sustained pulsar timing observations. Examples of such instruments include
the DSA2000 [50] and the ngVLA [51]. An instrument with these capabilities would allow
for dramatic advances in the science opportunities described in this white paper.
5
References
[1] Jose J. Blanco-Pillado, Ken D. Olum, and Xavier Siemens. New limits on cosmic strings
from gravitational wave observation. Phys. Lett., B778:392–396, 2018.
[2] T.W.B. Kibble. J. Phys. A, 9:1387, 1976.
[3] A. Vilenkin and E.P.S Shellard. Cambridge University Press, 2000.
[4] N. Jones et al. JHEP, 0207:051, 2002.
[5] S. Sarangi and S.H.Henry Tye. Phys. Lett. B, 536:185, 2002.
[6] G. Dvali and A. Vilenkin. JCAP, 0403:010, 2004.
[7] N. Jones et al. Phys. Lett. B, 563:6, 2003.
[8] E.J. Copeland et al. JHEP, 0406:013, 2004.
[9] M.G. Jackson et al. JHEP, 0510:013, 2005.
[10] Edmund J. Copeland and T. W. B. Kibble. Cosmic Strings and Superstrings. Proc.
Roy. Soc. Lond., A466:623–657, 2010.
[11] V. Berezinsky et al. Phys. Rev. D, 64:043004, 2001.
[12] T. Damour and A. Vilenkin. Phys. Rev. Lett., 85:3761, 2000.
[13] T. Damour and A. Vilenkin. Phys. Rev. D, 64:064008, 2001.
[14] T. Damour and A. Vilenkin. Phys. Rev. D, 71:063510, 2005.
[15] X. Siemens et al. Phys. Rev. D, 73:105001, 2006.
[16] X. Siemens, V. Mandic, and J. Creighton. Phys. Rev. Lett., 98:111101, 2007.
[17] M. Maggiore. Gravitational wave experiments and early universe cosmology. Phys. Rep.,
331:283–367, July 2000.
[18] Z. Arzoumanian, P. T. Baker, A. Brazier, S. Burke-Spolaor, S. J. Chamberlin, S. Chat-
terjee, B. Christy, J. M. Cordes, N. J. Cornish, F. Crawford, H. Thankful Cromartie,
K. Crowter, M. DeCesar, P. B. Demorest, T. Dolch, J. A. Ellis, R. D. Ferdman, E. Fer-
rara, W. M. Folkner, E. Fonseca, N. Garver-Daniels, P. A. Gentile, R. Haas, J. S.
Hazboun, E. A. Huerta, K. Islo, G. Jones, M. L. Jones, D. L. Kaplan, V. M. Kaspi,
M. T. Lam, T. J. W. Lazio, L. Levin, A. N. Lommen, D. R. Lorimer, J. Luo, R. S.
Lynch, D. R. Madison, M. A. McLaughlin, S. T. McWilliams, C. M. F. Mingarelli,
C. Ng, D. J. Nice, R. S. Park, T. T. Pennucci, N. S. Pol, S. M. Ransom, P. S. Ray,
A. Rasskazov, X. Siemens, J. Simon, R. Spiewak, I. H. Stairs, D. R. Stinebring, K. Sto-
vall, J. Swiggum, S. R. Taylor, M. Vallisneri, R. van Haasteren, S. Vigeland, W. W. Zhu,
and The NANOGrav Collaboration. The NANOGrav 11 Year Data Set: Pulsar-timing
Constraints on the Stochastic Gravitational-wave Background. ApJ, 859:47, May 2018.
[19] R. Brout, F. Englert, and E. Gunzig. The Creation of the Universe as a Quantum
Phenomenon. Annals Phys., 115:78, 1978.
6
[20] Alexei A. Starobinsky. A New Type of Isotropic Cosmological Models Without Singu-
larity. Phys. Lett., B91:99–102, 1980. [,771(1980)].
[21] D. Kazanas. Dynamics of the Universe and Spontaneous Symmetry Breaking. Astrophys.
J., 241:L59–L63, 1980.
[22] K. Sato. First Order Phase Transition of a Vacuum and Expansion of the Universe.
Mon. Not. Roy. Astron. Soc., 195:467–479, 1981.
[23] Alan H. Guth. The Inflationary Universe: A Possible Solution to the Horizon and
Flatness Problems. Phys. Rev., D23:347–356, 1981. [Adv. Ser. Astrophys. Cos-
mol.3,139(1987)].
[24] Andrei D. Linde. A New Inflationary Universe Scenario: A Possible Solution of the
Horizon, Flatness, Homogeneity, Isotropy and Primordial Monopole Problems. Phys.
Lett., 108B:389–393, 1982. [Adv. Ser. Astrophys. Cosmol.3,149(1987)].
[25] Andreas Albrecht and Paul J. Steinhardt. Cosmology for Grand Unified Theories with
Radiatively Induced Symmetry Breaking. Phys. Rev. Lett., 48:1220–1223, 1982. [Adv.
Ser. Astrophys. Cosmol.3,158(1987)].
[26] Viatcheslav F. Mukhanov and G. V. Chibisov. Quantum Fluctuations and a Nonsingular
Universe. JETP Lett., 33:532–535, 1981. [Pisma Zh. Eksp. Teor. Fiz.33,549(1981)].
[27] S. W. Hawking. The Development of Irregularities in a Single Bubble Inflationary
Universe. Phys. Lett., 115B:295, 1982.
[28] Alan H. Guth and S. Y. Pi. Fluctuations in the New Inflationary Universe. Phys. Rev.
Lett., 49:1110–1113, 1982.
[29] Alexei A. Starobinsky. Dynamics of Phase Transition in the New Inflationary Universe
Scenario and Generation of Perturbations. Phys. Lett., 117B:175–178, 1982.
[30] James M. Bardeen, Paul J. Steinhardt, and Michael S. Turner. Spontaneous Creation
of Almost Scale - Free Density Perturbations in an Inflationary Universe. Phys. Rev.,
D28:679, 1983.
[31] Alexei A. Starobinsky. Spectrum of relict gravitational radiation and the early state of
the universe. JETP Lett., 30:682–685, 1979. [,767(1979)].
[32] V. A. Rubakov, M. V. Sazhin, and A. V. Veryaskin. Graviton Creation in the Inflation-
ary Universe and the Grand Unification Scale. Phys. Lett., 115B:189–192, 1982.
[33] L. F. Abbott and Mark B. Wise. Constraints on Generalized Inflationary Cosmologies.
Nucl. Phys., B244:541–548, 1984.
[34] M. Kamionkowski and E. D. Kovetz. The Quest for B Modes from Inflationary Gravi-
tational Waves. ARA&A, 54:227–269, September 2016.
[35] Laura Sampson, Neil J. Cornish, and Sean T. McWilliams. Constraining the Solution
to the Last Parsec Problem with Pulsar Timing. Phys. Rev., D91(8):084055, 2015.
7
[36] P. D. Lasky, C. M. F. Mingarelli, T. L. Smith, J. T. Giblin, E. Thrane, D. J. Reardon,
R. Caldwell, M. Bailes, N. D. R. Bhat, S. Burke-Spolaor, S. Dai, J. Dempsey, G. Hobbs,
M. Kerr, Y. Levin, R. N. Manchester, S. Os lowski, V. Ravi, P. A. Rosado, R. M.
Shannon, R. Spiewak, W. van Straten, L. Toomey, J. Wang, L. Wen, X. You, and
X. Zhu. Gravitational-Wave Cosmology across 29 Decades in Frequency. Physical
Review X, 6(1):011035, January 2016.
[37] Edward Witten. Cosmic separation of phases. Phys. Rev. D, 30:272–285, Jul 1984.
[38] C. Caprini, R. Durrer, and X. Siemens. Detection of gravitational waves from the QCD
phase transition with pulsar timing arrays. Phys. Rev. D, 82(6):063511, September
2010.
[39] Abhishek Parida, Sanjit Mitra, and Sanjay Jhingan. Component Separation of a
Isotropic Gravitational Wave Background. JCAP, 1604(04):024, 2016.
[40] Nicols Yunes and Xavier Siemens. Gravitational-Wave Tests of General Relativity with
Ground-Based Detectors and Pulsar Timing-Arrays. Living Rev. Rel., 16:9, 2013.
[41] Sydney J. Chamberlin and Xavier Siemens. Stochastic backgrounds in alternative the-
ories of gravity: overlap reduction functions for pulsar timing arrays. Phys. Rev.,
D85:082001, 2012.
[42] D. M. Eardley, D. L. Lee, A. P. Lightman, R. V. Wagoner, and C. M. Will. Gravitational-
wave observations as a tool for testing relativistic gravity. Phys. Rev. Lett., 30:884–886,
1973.
[43] D. M. Eardley, D. L. Lee, and A. P. Lightman. Gravitational-wave observations as a
tool for testing relativistic gravity. Phys. Rev., D8:3308–3321, 1973.
[44] Neil J. Cornish, Logan O’Beirne, Stephen R. Taylor, and Nicols Yunes. Constraining al-
ternative theories of gravity using pulsar timing arrays. Phys. Rev. Lett., 120(18):181101,
2018.
[45] Zaven Arzoumanian et al. The NANOGrav Nine-year Data Set: Observations, Arrival
Time Measurements, and Analysis of 37 Millisecond Pulsars. Astrophys. J., 813(1):65,
2015.
[46] A. Khmelnitsky and V. Rubakov. Pulsar timing signal from ultralight scalar dark
matter. J. Cosmology Astropart. Phys., 2:019, February 2014.
[47] Nataliya K. Porayko et al. Parkes Pulsar Timing Array constraints on ultralight scalar-
field dark matter. Phys. Rev., D98(10):102002, 2018.
[48] Kazumi Kashiyama and Masamune Oguri. Detectability of Small-Scale Dark Matter
Clumps with Pulsar Timing Arrays. 2018.
[49] Xavier Siemens, Justin Ellis, Fredrick Jenet, and Joseph D. Romano. The stochastic
background: scaling laws and time to detection for pulsar timing arrays. Class. Quant.
Grav., 30:224015, 2013.
[50] The deep synoptic array 2000-antenna concept. http://www.astro.caltech.edu/
~vikram/DSA_2000__Specifications.pdf.
[51] The next generation very large array. http://ngvla.nrao.edu/page/scibook.
8
